Ground conductivity meters, comprising a variety of coil-coil configurations, are intended to operate within the limits provided by a low induction number (LIN), electromagnetic condition. They are now routinely used across a wide range of application areas and the measured apparent conductivity data may be spatially assembled and examined/correlated alongside information obtained from many other earth science, environmental, soil and land use assessments. The theoretical behaviour of the common systems is examined in relation to both the prevailing level of subsurface conductivity and the instrument elevation. It is demonstrated that, given the inherent high level of accuracy of modern instruments, the prevailing LIN condition may require operation in environments restricted to very low (<12 mS/m) conductivities. Beyond this limit, non-linear departures from the apparent conductivity that would be associated with a LIN condition occur and are a function of the coil configuration, the instrument height and the prevailing conductivity. Using both theory and experimental data, it is demonstrated that this has the potential to provide biased and spatially distorted measurements. A simple correction procedure that can be applied to the measured data obtained from any of the LIN instruments is developed. The correction procedure would, in the limit of a uniform subsurface, return the same (correct) conductivity, irrespective of the ground conductivity meter used, the prevailing conductivity or the measurement height.
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Introduction
Ground conductivity meters are specific electromagnetic (EM) devices that use a small coil transmitter (Tx) and one or more coil receivers (Rx) to provide a measure of the EM field coupling in the shallow subsurface. They typically operate at small Tx-Rx separations and at low frequency (e.g. < 15 kHz). The combined separation-frequency EM attribute is designed to provide a measure of the subsurface conductivity across a depth scale that is governed by the Tx-Rx separation and the coil orientations used. One of the main contributions to the practical understanding of such devices is the information provided by McNeil (1980) . In order to provide direct measures of the ground conductivity the devices have to be operated under a Low Induction Number (LIN) EM condition that, for a given instrument, will depend on the prevailing conductivity. Here we use the phrase 'LIN apparent conductivity' to convey the apparent conductivity as the quantity measured by ground conductivity instruments. The guidance provided by McNeill (1980) , still quoted by many users of the devices, relates to the operation of the instrument on the ground surface (zero elevation).
The LIN instruments discussed here represent a specific case of a more general EM formulation. The electromagnetic solution for an elevated magnetic dipole on or above a homogenous earth was developed by Wait (1954 Wait ( , 1955 . The model was extended to the 2-layer case by Frischknecht (1967) . Anderson (1979) discusses the subsequent generalisation to a layered half space. The frequency domain electromagnetic vector potentials can be used to obtain the quasi static electric and magnetic fields within the half-space. Accurate techniques for the numerical integration of the expressions have been established (Frischknecht, 1967; Anderson, 1979 , Christensen, 1990 . Here the calculations follow those described by Beamish (2003) .
The general use of LIN instruments has increased considerably in recent years. A range of very practical survey instruments has been developed with coils mounted within rigid booms and with coil separations ranging from about 0.5 m to around 6 m. Other forms of related EM ground conductivity instruments exist and are typically multi-frequency Tx devices with either fixed or variable coil separations. These devices generally require a more complex (i.e. a non-LIN condition) modelling and inversion of the data acquired, and, as such, are not Page 4 specifically addressed here. The ground conductivity meters considered here are usually understood to provide the user with a direct measure of subsurface conductivity and are now used, and the results discussed, alongside information obtained from many other earth science, environmental, agricultural and land-use site assessments.
The sensor measurements of ground conductivity are now routinely acquired at high spatial densities (e.g. on mobile platforms) and used in spatial correlation studies such as those described in relation to soil and crop management systems (e.g. precision agriculture) as described by Corwin and Lesch (2003) . Many of these application areas are contained across a wide range of publication outlets such as those related to ground water (Scanlon et al., 1999) , soil science (McNeil, 1992 , Suddoth et al., 2010 , precision agriculture (Sudduth, 2001 ), soil and water conservation (Doolittle et al., 1994; Kitchen et al., 1996) , soil-crop dynamics and silage (Woodbury et al., 2009 ), environmental quality (Drommerhausen et al., 1995) and the application and movement of agrochemicals (Yoder et al., 2001) . The use of such devices, for mapping site-specific attributes, is also incorporated into best-practice documents for land management within the European Community (Adhikari et al., 2009 ).
There is also a standards guide published by the American Society for Testing and Materials (ASTM, 2008) relating to the use of ground conductivity meters for subsurface investigations.
There are broadly three ways in which use is made of the ground conductivity measurements: (a) Spatial mapping using the individual or combined measurements of particular coil configurations/instruments to provide shallow and deep information (e.g. Triantafilis et al., 2005; Corwin et al., 2010) .
(b) Use of the data to obtain an approximate vertical distribution of conductivity, where the approximation depends on operation within the LIN condition (e.g. Monteiro Santos, 2004; Saey et al., 2009 ).
(c) Full quasi-static numerical EM inversion of one or more measurements of apparent conductivity to provide an assessment of the vertical distribution of conductivity (e.g. Reid and Howlett, 2001; Monteiro Santos et al., 2010 ).
The first category in which direct use is made of the ground conductivity measurements in relation to other information and data sets is the subject considered here. It is also possible to examine the behaviour of the instruments in the context of non-1D situations such as those relating to small object detection such as the investigation of subsurface utilities. These situations are not considered here and a 1D framework is used throughout.
Ground conductivity measurements
The three coil-coil systems used in ground conductivity instruments are shown schematically in Figure 1 . It is possible to describe coil systems in terms of either the direction of the magnetic dipole (the arrows in Figure 1 ) or by the orientation of the coils. Here a coil orientation system description is used. Figure 1a shows a pair of horizontal coils in a coplanar configuration referred to as an HCP system. Figure 1b shows a pair of perpendicular coils referred to as a PERP configuration. A vertical coplanar coil arrangement (VCP) is shown in Figure 1c . The VCP system may be obtained by rotating the HCP system though 90° about the centre-coil axis line. If an identical rotation is performed on the PERP system, the coilcoil configuration is described as null coupled (Wait, 1982) and no coupling takes place with conductive material (assuming the ground is horizontally planar in the schematic diagram).
A non-exhaustive list of some of the fixed boom ground conductivity meters that are available is given in Table 1 . Since some of the devices have been available for over 30 years, there are a number of variants of the basic models. In most systems it is possible to obtain a VCP configuration by rotation of the HCP system through 90°, as noted previously.
In recent years manufacturers have developed multi-separation and/or multi-receiver meters, as indicated in Table 1 . The principle of a multi-separation instrument is to retain the same Tx (operating at a fixed single frequency) and then provide receivers (e.g. Figure 1 ) at one or more increasing separations. It should also be noted that multi-separation instruments, although intended to remain within the LIN condition, will intrinsically provide a progressive departure from the LIN condition with increasing coil separation and will potentially return different values of apparent conductivity. As described later, the differences are not necessarily connected with 'the variation of conductivity with depth' and could better be regarded as a 'geometrical' effect of the EM measurement system.
The use of the perpendicular coil (PERP) arrangement is intended to provide the user with an equivalent behaviour to that of the vertical coil arrangement in terms of shallow depth discrimination. The relative and cumulative behaviour of the system responses as a function of depth, when operating within the LIN condition, have been published on many occasions since they were described by McNeill (1980) . The use of PERP configuration measurements has been described by Abdu et al. (2007) and Sudduth et al. (2010) . In general, for a given coil-coil separation, the measurements associated with the VCP and PERP configurations are understood to provide shallower information than that obtained in the HCP configuration.
Ground conductivity data
The instruments actually measure EM coupling ratios (a complex number) as described below. The complex number has in-phase (P) and in-quadrature (Q) components that are presented to the user as apparent conductivity (mS/m) and an in-phase (P) coupling ratio for each coil-coil configuration. The manufacturers of the instruments provide the limits of the measurement ranges and sometimes estimated accuracy figures for each instrument.
Resolution (not accuracy) of apparent conductivity is invariably 0.1 mS/m while that of the in-phase component may be between 0.01 and 0.03 ppt (parts per thousand).
As with all EM instruments, the ground conductivity devices require an 'absolute' calibration and this may be attempted/achieved by a null or calibration adjustment procedure in the field or the instrument may be 'factory-calibrated'. The absolute calibration of an EM device may ultimately require an 'out-of-ground effect' condition and this is particularly difficult at low frequency and particularly for the in-phase measurement. It is assumed here that the instruments are adequately calibrated and that thermal drift effects (e.g. Robinson et al., 2004 ) are absent or have been minimised. It is also worth noting that some of modern instruments assist with quality control by the provision of internal temperature and tri-axial tilt measurements (for precision coil orientation).
It is a normal part of geophysical survey procedure to provide one, or more, static tests of the instrument's performance under site/survey conditions. This is simply a matter of recording and examination of the data over an interval of a few minutes (or longer as required) at a suitable, potentially repeatable, location. The resolution of apparent conductivity is typically 0.1 mS/m and this registration limit can be seen in the data plots in Figure 2 . Given the qualities of the apparent conductivity data it could be suggested that an increased measurement resolution of at least 0.05 mS/m might be worthwhile. The low levels of variance that can be achieved by modern instruments are significant in relation to subsurface assessments. This is particularly the case when considering detailed static modes of measurement and time-dependent behaviour of nearsurface properties. In presenting the purely theoretical behaviour of the ground conductivity systems below it should be noted that the reference level of accuracy in apparent conductivity data may be less than 0.25 mS/m.
Measurement height
An examination of the literature, such as the references cited previously, will reveal two main features relating to the general use of ground conductivity meters. The first is that data are obtained across a very wide range of prevailing ground conductivities, such that the LIN EM condition, discussed by McNeill (1980) may be compromised. The second feature is that the instruments are clearly operated at a wide-range of elevations above ground. The behaviour of the systems with elevation is highly significant in relation to understanding the data acquired and it is unfortunate that in many descriptions of survey parameters, the acquisition height goes unrecorded (i.e. it appears not to be regarded as significant).
The LIN operation described by McNeill (1980) assumes a zero elevation. Due to the finite size of coil construction, the height of a coil-coil instrument is probably best referred to the along-axis line joining the centres of each coil-coil pair (e.g. Figure 1 ). Again due to instrument construction the coils are then housed in a survey instrument that, when resting on the ground, typically provides a further offset. It is unlikely that any of the ground conductivity meters actually operate at zero elevation. As an example, the control housing used in the construction of the EM31 provides an estimated offset (to the assumed coil-coil centre-line) of 7 cm when the instrument (actually the central housing) is resting on flat ground in its lowest operational position. Other instruments and mobile platforms used to house them obviously vary in their elevation offsets. Many of the larger instruments are also supplied with harness straps that allow for hip-height operation (say 0.9 m). In the agricultural context, some instruments appear suspended on booms and heights may exceed 1 m. The analysis conducted here examines the behaviour of the systems with elevations extending to 2 m.
Coupling ratios
The ground conductivity instruments use a phase sensitive measurement between the Tx and Rx magnetic fields to obtain the secondary (Hs) to primary (Hp) field ratio. The ratio is complex and comprises a secondary field that is in-phase (P) and in-quadrature (Q) with the primary field. In the general case of EM induction, material properties may involve magnetic, conductivity and dielectric components. At the low frequencies (e.g. < 15 kHz) considered here, only magnetic and conductivity contributions are significant. Generally, when first considering the response from conductivity we assume a magnetic permeability of free space (µ 0 = 4π.10
, SI units) i.e. a survey conducted in a non-magnetic soil/geological environment. We also use a vertically-uniform depth profile (a half-space) to provide the simplest, reference behaviour of the systems.
The coupling ratios (Hs/Hp) that would be obtained from the three standard coil systems are shown in Figure 3 over a range of half-space conductivities extending to 200 mS/m. The coil separation used is 4 m, the operating frequency is 9 kHz and the height of the coil centre-line position is 0.05 m above ground. In general terms, the magnitudes of the in-quadrature responses (used to obtain apparent conductivity) exceed those of the in-phase responses by an order of magnitude until low values of conductivity are approached. Here, with increasing resistivity, it becomes difficult to induce sufficient current in the ground to obtain measureable responses (using the same Tx). In order to maintain precision of the inquadrature (conductivity) response at low conductivities, the ground conductivity instruments invariably provide a highly accurate measurement of Q but only a limited registration of the in-phase P component. The P measurement returned by the instruments is provided in units of parts-per-thousand (ppt) which corresponds to 1000 ppm. At low conductivities (e.g. < 20
mS/m), all three coil systems will provide in-phase measurements below a value of 1 ppt. In this non-magnetic environment, with increasing conductivity, the instruments will register valid in-phase measurements typically in the range from 1 to 10 ppt arising from the conductivity component of the material. The in-phase response will increase with increasing conductivity as shown in Figure 3 . A characteristic behaviour of the three coil configurations is P HCP > P PERP > P VCP although the same uniform material is assessed by all three measurements.
Magnetic susceptibility
The magnitude of the in-phase components will increase with increasing magnetic susceptibility content. The HCP configuration provides the largest in-phase response in the non-magnetic (free space) condition considered ( of the in-phase coupling ratio. In low conductivity situations, when magnetic materials are present, in-quadrature magnetic effects may also interfere with the accurate measurement of apparent conductivity (Tabbagh, 1986) . It is also worth noting that the P values shown in 
Apparent conductivity
As noted previously, the ground conductivity instruments use a phase sensitive measurement between the Tx and Rx magnetic fields to obtain the secondary (H s ) to primary (H p ) field ratio. The ratio is complex and comprises a secondary field that is in-phase (P) and inquadrature (Q) with the primary field. Thus we may write P+iQ = H s /H p . The instrument measurement involving the in-quadrature H s /H p coupling ratio is converted to apparent conductivity (with σ a in mS/m) using the formula:
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(1)
where ω is angular frequency, ω=2πf, f is the frequency in Hz, s is the Tx-Rx coil separation in m, µ 0 is the magnetic permeability of free space (= 4π.10
-7
H.m -1
, SI units) and the quantity in brackets is the measured in-quadrature (Q) component of the secondary to primary magnetic field coupling ratio, discussed previously.
As noted by many authors referencing McNeill (1980) , equation (1) is an approximation based on the assumption of operating the instrument in a low induction number (LIN) mode.
The two assumptions discussed in Appendix 1 of McNeill (1980) are that (a) the instrument is operated at zero elevation (i.e. the coil centres are on the ground surface) and (b) that the induction number (B) is much less than unity. The dimensionless induction number (B) is defined as the ratio of the coil separation (s) divided by the plane-wave EM skin depth δ. The skin-depth is defined as the distance within a half-space that a plane wave is attenuated by 1/e (37%) of the value at the surface (Spies, 1989) . Thus B = s/δ with the skin depth defined in metres as:
where σ is the conductivity of the half-space in S/m and the remaining parameters have been defined previously. When operated correctly in LIN mode, the instruments are intended to provide estimates of σ a that are equivalent to the true conductivity of the half-space, as discussed by McNeill (1980) .
The scientific literature contains a number of discussions about what value of B constitutes a valid LIN approximation such that the instrument will return the correct conductivity of a uniform half-space. McNeill (1980) indicated that B<< 1 (for a system at zero elevation) and the issue is further discussed by Callegory et al. (2007) . In practice such discussions are not particularly useful unless the three factors of (i) the coil configuration under consideration,
(ii) the elevation and (iii) the required accuracy are jointly considered.
To illustrate this point, Figure 
Height dependence
The issue of height dependence is next considered using 2 m coil separation systems located 
A LIN apparent conductivity correction procedure
The results of the previous section are intended to provide a summary of the behaviour of the 3 standard coil configuration systems to variations in half-space conductivity and the operating height of the instrument. It is evident that a large number of ground conductivity surveys have been, and will continue to be, acquired in a context that results in data being obtained beyond the LIN approximation. The basic premise of the ground conductivity instruments is that the devices provide a direct measure of subsurface conductivity (when operated at zero elevation). Many users may also understand that with increasing conductivity there is a deviation (to lower values) from the 'true' value so that the measurements may become 'less accurate'.
In order to maintain the principle of LIN operation it would be useful (to many users) if each particular instrument always provided a estimate of subsurface conductivity consistent with a LIN approximation whatever the operating height and whatever the prevailing conductivity.
If we consider the uniform half-space as a reference, then the user might expect to use different LIN instruments (i.e. different coil configurations from the same or different manufacturers), and by providing a measure of the height of the coil-coil centre-line, obtain the same measurement of apparent conductivity. The measured apparent conductivity would then be uniform across all instruments and equal to that of the half-space. The existing, potentially confusing, situation is exemplified is Figure 5 . Given a uniform conductivity of 20 mS/m, the user of an instrument (2 m coil separation) operating the device at hip-height (0.9 m) will potentially record 3 different values of apparent conductivity of between 6.6 and 13.8 mS/m. If the user then lowers the instrument to ground level, and achieves an elevation of 10 cm, the instrument will record 3 apparent conductivities of between 17.5 and 18.8 mS/m. The user will then have obtained 6 different measurements of ground conductivity all of which lie significantly outside (below) the true value of the conductivity.
Following the above discussion, it is possible to develop a simple correction procedure that, when applied to the existing measurements of apparent conductivity, provides a consistent estimate of LIN ground conductivity. The correction may best be described as a LINequivalent correction factor. The correction factor(s) must be separately determined for each instrument (i.e. each coil configuration and associated separation and frequency) to maintain accuracy. As there are only a limited number of such instruments, the procedure is not too onerous. It should also be noted that departures from the half-space value in the various measurements that may be undertaken would then indicate a non-uniform subsurface conductivity, an understanding that is already embodied in the principle of LIN operation.
Two approaches to the issue of elevation may be considered. The first approach assumes the survey height is known and is constant. This approach is demonstrated here. The second approach is a possible development of the first approach and is discussed later. As has already been noted, the concept of operation at zero elevation is not a practical proposition, and many users will typically operate an instrument on a static or towed platform at The observed responses appear as low-order polynomials and can be readily estimated by a least-squares fitting of the data. A cubic expression may be considered in the first instance.
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The cubic expressions ( σ t = a 0 +a 1 σ a + a 2 σ a 2 + a 3 σ a 3 ) are obtained by fitting each of the three apparent conductivity responses (σ a ) curves shown in Figure 6 . The coefficients obtained in this case are given in Table 2 alongside the standard error of the least-squares fit.
Table 2
Coefficients of the cubic expressions obtained by least-squares fitting of the 3 curves (HCP, PERP and VCP) shown in Figure 6 . The standard error of the fit is shown in the final column. The accuracy of the correction must also be evaluated over the full range of measurement values since the observed response behaviour is not strictly a cubic polynomial over the entire measurement range. In order to maintain an accuracy better than 0.5 mS/m using this simple approach, numerical tests indicate that it may be necessary to provide a low conductivity range correction (say for observed conductivities below 15 mS/m) and a high conductivity range correction (for all other conductivities).
A survey example
The correction procedure is briefly demonstrated on data from a small survey conducted on a beach in eastern England. The ground conductivity survey was part of a larger geophysical and geotechnical investigation of methods to characterise beach thickness. Beaches provide sediment stores and have an important role in the development of the coastline in response to climate change. Quantification of beach thickness and volume is required to assess coastal sediment transport budgets. Detailed descriptions of the location and experiments conducted are given by Gunn et al. (2006) . Obviously the salt loading of materials typically encountered in a beach context provides very high conductivities well beyond the normal LIN limit.
The ground conductivity data were acquired with a DUALEM-4 instrument across a control area of 42.5 m (in x) by 24 m (in y) as described by Gunn et al. (2006) . The control area is confined to the beach area between low cliffs and the sea. Profile data were acquired using a line sampling (in y) of 2 m and the inter-coil sensor height was fixed at 0.4 m (wheeled cart acquisition). The two apparent conductivities (HCP and PERP) were used in a numerical EM 1D inversion procedure to provide 'true' (or best-estimate) subsurface conductivities, which for this survey exceed 2,000 mS/m. It is generally observed that measured apparent halfspace conductivities are generally much less than 'true' conductivity estimated by numerical modelling of the vertical distribution of conductivity. As expected the corrected values increase considerably and due to the large range of values across the area, the degree of correction is spatially non-linear (refer to the degrees of nonlineararity displayed by the apparent conductivity curves in Figure 4 ). The near-surface (PERP) corrected data now extend towards a maximum value of 600 mS/m while the HCP corrected data extend to 400 mS/m. The corrected data are now apparent half-space conductivity values that are consistent with the LIN approximation, the two different coil configurations and the operational height. These therefore could potentially be used as conductivity data sets for spatial mapping and correlation with other spatial data sets. It is worth noting however that the corrected data still remain 'approximate' in the sense they are appropriate only to a vertically uniform half-space. If this condition was met at a particular location, the two corrected PERP and HCP apparent conductivity values would be identical.
When the condition is not met, the two apparent conductivity values simply indicate some approximate behaviour with depth (e.g. over a near-surface and deeper depth interval).
Discussion and conclusions
The principal aim of this study has been to address the practical (user) understanding of apparent conductivity measurements obtained from ground conductivity instruments. There has been an increasing use made of such data in relation to spatial mapping and subsequent correlation with many other forms of site specific information. It is understood that the different coil configurations and separations provide a degree of control in relation to subsurface depth discrimination and this may be adequate in relation to the use made of such data. Much of the data acquired however do not conform to a LIN condition and it would be preferable to correct all such the data so that it conforms to behaviour consistent with the LIN condition. As has been demonstrated both theoretically and experimentally, both the magnitudes and form of the spatial measurements may be increasingly distorted in a nonlinear fashion across data sets displaying variable conductivity. points. The user requirement is to supply measured apparent resistivity and elevation and obtain a corrected LIN half-space conductivity at accuracy consistent with the original measurement. The nomogram can achieve this by either using a high sampling density of parameters or by employing a simple interpolation algorithm across the tabulated values to achieve the desired accuracy. It is suggested that it would be useful if manufacturers of the instruments could supply a simple software tool, possibly employing something as simple as a digital look-up table, along with each specific device. This would allow general users to map LIN-equivalent apparent conductivities using the existing measurements at any specific measurement height chosen by the user. In the limit of a uniform conductive soil/ground, all the instruments, in any of the coil-coil configurations considered, would then return the same correct conductivity. The correction procedure would also remove potential non-linear spatial behaviour (distortions) in the measured apparent conductivities at locations in which conductivities are elevated (say > 12 mS/m) and highly variable. The correction procedure would also assist in inter-site and cross-experimental comparisons of apparent resistivity data sets acquired by the same or different ground conductivity instruments.
Finally it is worth pointing out a potential pitfall in understanding the nature of the corrected LIN-equivalent apparent conductivities. It is apparent that some user understanding of the vertical sensitivity and depths of investigation of LIN instruments remains rooted in the relative and cumulative instrument response curves that operate within the LIN condition (e.g. McNeill, 1980; Sudduth et al., 2010) . These are perfectly valid and useful approximations however they become increasingly invalid as the bulk conductivity or nearsurface layers become more conductive. As has been pointed out on a number of occasions (e.g. Reid and Howlett, 2001; Callegary et al., 2007) , ultimately the depth sensitivity and depth of investigation is governed by the conductivity distribution itself and the presence and thickness of any significantly conductive zones. The LIN-equivalent corrected apparent conductivities discussed here do not modify/correct the intrinsic vertical sensitivities and depth of investigation of the measurements. 
